Cytidine deaminases inhibit replication of broad range of DNA viruses by deaminating cytidines on single 22 stranded DNA to generate uracil. While several lines of evidence have revealed HBV genome editing by 23 deamination, it is still unclear which nucleic acid intermediate of HBV is modified. Hepatitis B virus has a 24 relaxed circular double-stranded DNA (rcDNA) genome that is reverse transcribed within virus cores 25 from a RNA template. The HBV genome also persists as covalently closed circular DNA (cccDNA) in the 26 nucleus of an infected cell. In the present study, we find that in HBV-producing HepAD38 and Hep2.2.15 27 cell lines, endogenous cytidine deaminases edited 10-25% of HBV rcDNA genomes, asymmetrically with 28 almost all mutations on the 5' half of the minus strand. This region corresponds to the last half of the 29 minus strand to be protected by plus strand synthesis. Within this half of the genome, the number of 30 mutations peaks in the middle. Over-expressed APOBEC3A and APOBEC3G could be packaged in HBV 31 capsids but did not change the amount or distribution of mutations. We found no deamination on 32 pgRNA indicating that an intact genome is encapsidated and deaminated during or after reverse 33 transcription. The deamination pattern suggests a model of rcDNA synthesis where pgRNA and then 34 newly synthesized minus-sense single stranded DNA are protected from deaminase by interaction with 35 the virus capsid; during plus strand synthesis, when enough dsDNA has been synthesized to displace the 36 remaining minus strand from the capsid surface that single stranded DNA becomes deaminase-sensitive. 37 38 Importance 39
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Introduction 48
Hepatitis B virus causes acute and chronic viral hepatitis. Over 240 million individuals have chronic HBV 49 and HBV claims over 750,000 lives every year. HBV is an enveloped, DNA virus that belongs to 50
Hepadnaviridae family. The genome is a 3.2 kb, partially double stranded circular DNA (relaxed circular 51 DNA, rcDNA), with breaks on both strands, that replicates via an RNA intermediate (1). The virus enters 52 a host cell by using the Na + Taurocholate co-transporting polypeptide as a receptor (2). The icosahedral 53 viral core is then transported to the nucleus where it delivers the rcDNA genome. The rcDNA is repaired 54 in the nucleus to form the double stranded covalently closed circular DNA (cccDNA) that is the template 55
for an over-length transcript of the genome-the pregenomic RNA (pgRNA) and sub-genomic RNAs. 56 pgRNA is exported into the cytoplasm where it translates coat protein and polymerase. The core protein 57 encapsidates a pgRNA-polymerase complex forming an immature RNA-filled icosahedral core. The 58 polymerase reverse transcribes the pgRNA to form the rcDNA. This is a complex reaction where a 59 complete minus strand is synthesized using the polymerase as a specific protein primer and most of the 60 pgRNA template is digested, leaving the polymerase covalently bound to the 5' end; the remaining RNA 61 is used to prime plus strand synthesis, a reaction requiring two distinct template transfers. Structural 62 studies of RNA-containing capsids show that the nucleic acid forms a thin shell closely associated with 63 subset of patients: it is most efficacious on those who were infected as adults, have had chronic 72 infection for a relatively short time, and have relatively high liver inflammation (13). Understanding its 73 mechanism of action may make important contributions to HBV therapy. Among the widespread array 74 of IFN-α stimulated genes that are activated, the APOBEC3 family of nucleic acid editing enzymes have 75 defects as well as the frequency of defects in a given amplicon. As the amplicons are replicated DNA, we 139 actually observe C to T and G to A mutations; these are reported as C to T for consistency. 140 Table 1 reports C to T mutations on the minus strand. The background mutation rate observed for 141 nucleotides other than C to T was 0.02% or less, thus any clone with two or more C to T mutations was 142 considered a possible product of cytidine deamination. On average, C to T mutations were present in 143 about 10% of the clones sequenced, independent of the presence of APOBEC expression (Table 1) . No 144 two mutant clones sequenced had the exact same set of mutations suggesting each arose from a unique 145 set of deamination events. There were no C to T mutations on the plus strand beyond background. 146
Although, only 10% of the clones were mutated, the frequency of C to T mutations within affected 147 clones ranged from 8.1-11% in region I, taken as a group 31.3 ± 16.6 out of 358 cytosines were mutated. 148
In region II the frequencies were much lower-about 0.7-1.8 % (4.6 ± 3.4 out of 334 cytosines). Based on 149
Student's unpaired T-test, the mutation rates in regions I and II were statistically significant (p = 0.0014). 150
For all genomes sequenced from culture supernatant, about 1% of the total C residues were mutated in 151 region I versus 0.2% in region II (Figure 3b ). It should be noted that the total number of Cs or 152
complementary Gs are about the same in the two regions-358 versus 334. We did not detect any 153 deamination on the plus strand above background indicating that deamination is essentially limited to 154 the minus strand, which is at least transiently single stranded. As an additional control, we also amplified 155 and cloned the A3A coding region from cell lysates of HepAD38 transfected with the A3A plasmid. No 156 mutations were detected in the sequence in either strand, ruling out a major role for sequencinggenomes. This hypothesis is consistent with our observation that there were very few mutations in 163 region II which forms the double stranded region of the genome. 164
Critically, genomes from HepAD38 culture supernatant produced in the absence of any transfected 165
APOBECs showed a similar frequency of C to T and G to A mutations as genomes from supernatant 166 produced in the presence of APOBECs (Table 1, Figure 3) . The results indicate that HBV produced in 167
HepAD38 cells are susceptible to deamination by endogenous cytidine deaminases. Furthermore, while 168 transfected APOBECs were packaged, to our surprise they did not contribute significantly to the amount 169 of deamination. It is notable that while A3G overexpression decreased the nucleocapsid DNA levels by 170 50% there was no significant change in the nucleocapsid DNA levels with A3A overexpression (data not 171 shown). 172
C to T mutations in viral genomes from Hep2.2.15 culture supernatant 173
To rule out the possibility that deamination was peculiar to the HepAD38 cell line, we analyzed viral 174 supernatant from another stably-transfected HBV-producing cell line, HepG2.2.15. HepG2.2.15 cells 175 were transfected with A3A, A3G, or a control plasmid; the media from four days post transfection was 176 pelleted and DNA was extracted from the virus-containing pellet; regions I and II amplified and cloned. 177
Sequencing results of DNA from Hep2.2.15 supernatant, mirrored those from HepAD38 supernatant. C 178 to T mutations were primarily on the minus strand in region I (i.e. G to A mutations were observed on 179 the plus strand). Like the HepAD38 experiments, viral genomes from untransfected Hep2.2.15 culture 180 supernatant also showed C to T mutations at about the same frequency as APOBEC-transfected cells 181 (Figure 4) . About 25-30% of genomes sequenced, had mutations on the minus strand (Table 2 ). In region 182
APOBECs did not modulate the mutation rate. This indicates that these viral genomes were prone to 186 deamination by endogenous cytidine deaminases and that transfected and packaged A3A and A3G 187 contributed insignificantly to the number of mutations. The frequency of mutations in region I was 188 always greater than for region II (Figure 4 ). These data again suggest that deamination primarily occurs 189 after reverse transcription of the minus strand and may continue in the partially single stranded region 190 in the mature virus. 191
Genome-Wide Mutation profile 192
In order to understand the genome wide distribution of the mutations in region I and II, we mapped all C 193 to T mutations identified in genomes from both cell culture supernatants, to the entire length of the 194 HBV genome (Figure. C to T mutation screening in total DNA and total RNA 217 An alternative to our working hypothesis was that pgRNA or integrated viral DNA could be targeted by 218 some nuclear deaminases, like APOBEC3A and 3B, prior to packaging the pgRNA. To test for RNA 219 modification and evidence for modification of integrated DNA we sequenced total RNA from the 220 transfected HepAD38 cells that produced edited genomes in the culture supernatant. We extracted total 221 RNA from this virus producing cell line and reverse transcribed it. The sequencing of the corresponding 222 cDNA revealed no detectable C to T mutations above the background (<0.01% of non C-T) even in the 223 presence of transfected and over-expressed A3A and A3G. The results indicate that pgRNA is not a 224 target of deamination by the endogenous APOBECs or the overexpressed A3A and A3G, that integrated 225 DNA is unmodified, and that an intact genome is packaged for reverse transcription. We note that 226
HepAD38 cells accumulate cccDNA, as evidenced by the appearance of the HBeAg protein; the absence 227 of deaminated RNA in these cells suggest that this pool of cccDNA is not modified by APOBECs. In the 228 absence of mutated RNA, we speculate that cccDNA derived from deaminated rcDNA may be repaired 229 or degraded. Because such cccDNA is relatively rare, we did not pursue sequencing it. The lack of 230 evidence implying editing of nuclear viral DNA in our studies is consistent with findings by Seeger et al 231 that reported cccDNA editing occurred at extremely low frequencies in hepatoma cells (15).
To complete our examination of deamination as a function of the stage of the viral lifecycle, we tested 233 intracellular cores for deaminated DNA. We isolated total DNA from HepAD38 cells and sequenced 234 regions I and II. As with the secreted cores, about 10% of the sequenced clones were mutated. In 235 mutated genomes, the frequency of C to T mutations in region I was more than twice that in region II-236 6.8% versus 2.3% (Table 3, Figure 7 ). This implies that a major fraction of this mutated DNA was 237 generated during or after reverse transcription. 238
239

Discussion 240
The results presented in this paper (and in the literature) provide constraints that allow us to relate HBV 241 reverse transcription, cytidine deamination, and HBV core structure. In this work we observed that 242 cytidine deamination predominantly occurs on the part of the minus strand that is template to the last 243 part of the plus strand to be transcribed; very few mutations are found in the template to the first half 244 of the plus strand (Fig 5) . HepAD38 and HepG2.2.15 cells contain large fraction of intracellular cores with 245 single stranded DNA (44, 45). If this ssDNA were to be deaminated by an encapsidated deaminase, one 246 would expect the entire length of genome to be deaminated at similar frequencies. We did not observe 247 C to T mutations attributable to attack on the RNA or plus strand. Why would the ssRNA and first half 248 the minus strand be protected from cytidine deamination? APOBEC proteins prefer a disordered 249 substrate (39), which presumably can conform to their active site. We, and others, previously observed 250 that a genome-length ssRNA or ssDNA can be entirely bound to the capsid interior (3, 46, 47) resulting in 251 a protein-nucleic acid complex that is likely to be protected from enzymatic modification. 252
We suggest that the effect of synthesizing the second DNA strand inside the core, making dsDNA, 253 explains the sensitivity of the second half of the minus strand to modification. dsDNA is a stiff polymer 254 compared to ssDNA or ssRNA and has a persistence length of 50nm compared ~0.7 nm for ssDNA. 255 dsDNA viruses and phages are believed to prefer a coiled organization of their DNA (48, 49) that 256 minimize the energetic costs of bending and electrostatic repulsion between adjacent turns (50, 51). A 257 spool-like organization of DNA would not be visible in an image reconstruction that had been subjected 258 to icosahedral averaging. In HBV, the internal diameter of the core is only ~25 nm (3) and the stress of a 259 full-length dsDNA genome was predicted to be sufficient to destabilize the capsid (52), a prediction 260 borne out by studies of isolated cores (53). We calculated the amount of DNA that would coat the 261 interior surface of the capsid to be 1400 to 1800 base pairs (Figures 8, 9 , Methods), considering a range 262 for capsid inner radius of 12.5 to 13.2 nm (3) and spacing between dsDNA strands of 2.6 to 2.9 nm (52). 263
Thus, we propose that as new dsDNA is synthesized and laid down on the interior surface of the capsid it 264 displaces ssDNA template from the interior capsid surface making it susceptible to a cytidine deaminase 265 (Figure 8 ). This organization leaves the first half of the genome protected by interaction with the capsid 266 interior and then by base pairing. However, it leaves the second half of the genome largely exposed to 267 cytidine deamination. This is consistent with the peak in the frequency of mutations in the latter half of 268 the genome that includes the ssDNA segment. Interestingly, the number of mutations tapers off towards 269 the end (1100-1630 nt) of the genome ( Figure 5 ) implying that not all of the 5' end of region I is 270 accessible to the deaminase; this single stranded region may be partially protected because it is 271 connected to the dsDNA that circularizes the HBV rcDNA genome. 272
Overall frequencies of mutations of HBV genomes were not remarkably high as they were localized to a 273 fraction of the clones: 10% in HepAD38 and 25% in Hep2.2.15 viral supernatant (Tables 1, 2) . That is, 274 most genomes are not mutated and those that are mutated have so many defects they would not 275 produce a viable infection; the observed deamination products would not expand genetic diversity, they 276 are dead ends. This is consistent with some observations of deamination from patients that were 277 cirrhotic (33, 34). An important point to be made is that we observed that cytidine deamination is 278 common in cell lines that are not subjected to an inflammatory response. It is not known whetherunmutated virions did not package a deaminase or were resistant. Resistance to APOBEC has been 280 observed in MuMLV and HTLV, where despite APOBEC packaging there is no deamination (54-57). In 281 either case, deamination of rcDNA at the observed frequencies would be expected to have little effect 282 on a chronic infection. This could explain why HBV has no Vif-like protein to counteract the deaminases. 283
Although, it should be noted that X protein was recently shown to downregulate APOBEC3G when co-284 expressed, while being ineffective against other deaminases (58). 285
There is a body of literature on APOBEC interaction with HBV. Based on the work of Nguyen and Hu (27), 286
we used A3G overexpression as a control and recapitulated their results. As per earlier results, we found 287 A3G associated with capsids and suppressed virus DNA levels by 50% but did not change in the cytidine 288 deamination pattern (Figures 3, 4) (27). This decrease in the HBV DNA levels could result in apparent 289 lack in the increase of mutation frequency, however, it is notable that we also did not see any decrease 290 in the proportion of mutant genomes. A3G appears to be over-expressed in liver biopsies from HBV-291 positive cirrhotic patients, where cytidine deamination was observed but could have resulted from other 292 up-regulated cytidine deaminases (33). In a recent study it was found that APOBEC3B also suppresses 293 production of HBV and that knocking down A3B expression decreased DNA deamination (59). Over-294 expression of A3C led to increased cytidine deamination (33, 60), though interferon treatment did not 295 lead to A3C overexpression and DNA damage (14, 33) . To our disappointment, we found that A3A, 296 though it associated with capsids, did not significantly affect HBV expression or deamination (Figures 3,  297 4). It is of course possible that a relatively small fraction of cores packaged overexpressed APOBECs. 298
The approach we designed for evaluating deamination, dividing the genome into two replicons which 299 were sequenced in their entirety, is intended to provide context for mutations and minimize bias for 300 their presence or absence. We observed that mutations are clustered on the minus strand of genomes, 301 specifically on the part of the minus strand that corresponds with the last part of the plus strand to be 302 synthesized. A limitation of this approach is that it is not particularly sensitive to rare mutations and iseither labor intensive or provides limited population statistics. Deep sequencing of HBV genomes 304 showed a very similar organization of mutations and provides population statistics (34). However, 305 because pyrosequencing is based on short reads, it was not evident if many genomes had a few 306 mutations or a subset had many mutations. 3D-PCR is usually limited to a relatively short segment of 307 nucleic acid, a couple hundred nucleotides, but is extremely sensitive to relatively rare mutations. 3D-308 PCR has been used extensively to detect cytidine deamination in HBV (14, 33, 59 ). 3D-PCR has identified 309 evidence of plus strand deamination in HBV that we did not observe in our HepAD38 or HepG2.2.15 cells 310 HBV (29, 59). A concern with 3D-PCR is that by enriching rare sequences it may overemphasize their 311 presence. While no single technique will yield a complete picture, it is clear that cytidine deamination in 312 HBV is not rare. 313
Though virus produced from cell lines HepAD38 and HepG2.2.15 are affected by an endogenous cytidine 314 deaminase, we were unable to identify a specific candidate suggesting that it is not present in high copy 315 number in all particles. Seeger et al and others also reported detecting mutations in viral sequences 316 from these stable cell lines (15). Based on the analysis of the trinucleotide context of the targeted sites 317 ( Figure 6 ) and sequence preference of deaminases, we predict more than one or all of the following 318 deaminases to be involved-A3G, A1, A3A, A3F and A3H. A3B has been proposed as the likely APOBEC 319 based on the effect of knockdowns (59). It has also been observed that a number of unusual cytidine 320 deaminases have been observed to be up-regulated in liver (33). It is noteworthy that our cell lines were 321 not subjected to interferon treatment or activation of the lymphotoxin-beta receptor reported to 322 activate APOBEC3-induced deamination of HBV (14) . While several studies have associated both 323 interferon and lymphotoxin-beta mediated upregulation of APOBECs to viral restriction (14, 31, 61, 62) , 324 there are also reports that did not find any correlation (15, 63, 64). 325
In summary, HBV mutants screened from total cellular DNA were largely generated during reverse 326 transcription. The cellular DNA pool may also contain deaminated products from integrated HBVgenomes or cccDNA, however we found that an intact pgRNA was encapsidated, implicating a packaged 328 cytidine deaminase and suggesting that any deaminations in the DNA intermediate upstream were likely 329 to be repaired by cellular enzymes. Although, APOBEC family of proteins are important restriction 330 factors against retroviruses and other DNA viruses, our findings reveal they are less effective against 331
HBV. 332
Materials and Methods 333
Plasmids: Generation of A3A and mutants. A3A was PCR amplified from pET21a clone (kind gift from Dr. 334
Judith Levin, NIH) using specific primers containing C-terminal HA epitope tag and cloned in 335 pCDNA3.1(+) vector. The mutants described in text were generated by PCR based mutagenesis using 336 overlapping primers and Pfu Turbo DNA polymerase (Agilent). Plasmid expressing A3G (pRR622) was a 337 kind gift from Dr. Alan Rein, NCI-Frederick. 338
Cell Culture and transfections: HepAD38 cells were maintained on collagen coated flasks in RPMI 339 (Gibco) media supplemented with 10% FBS (Gibco), 10 mM HEPES buffer pH 7.4 (Gibco), 1x Non-340
Essential amino acids (Gibco) and 1x Antibiotic antimycotic (Sigma), 400 µg/ml of G418 (Clontech), and 3 341 ng/ml Doxycycline (Sigma). Virus production was induced by removing Doxycycline repression. Screening for C to T hypermutations. Virus-containing culture supernatants were harvested and passed 358 through 0.22 µm filter to remove cell debris. The virus supernatant was pelleted through a 20% sucrose 359 cushion at 32,000 rpm (SW40Ti rotor) for 6 hours and the pellet was resuspended in 1x PBS. The viral 360 resuspension was treated with Turbo DNAse (Ambion) to remove any non-core associated DNA. DNA 361 was extracted from viral pellet using the Nucleospin "Genomic DNA from blood" kit (Macherey-Nagel). 362
Total RNA was extracted from transfected cells using Trizol reagent (Invitrogen). The cDNA was 363 generated using one step RT cDNA kit (NEB). Viral DNA and cDNA (generated from total RNA) were used 364 as templates to amplify HBV regions corresponding to 1-1630 and 1631-3182 nt using Taq DNA 365 polymerase (ThermoScientific). The PCR products were cloned in pCR4 TOPO vector using TOPO TA 366 cloning kit (Invitrogen) and analyzed by Sanger sequencing using BigDye™ Terminator v3.1 Cycle 367
Sequencing Kit (Applied Biosystems). As an additional control, we also amplified and cloned the A3A 368 coding region from cell lysates of HepAD38 transfected with the A3A plasmid. 369
Calculations: To determine the number of base pairs of dsDNA bound to the inner surface of the capsid 370 we assume B-form DNA will be wrapped in a helix and that the interior of the capsid can be 371 approximated by a smooth sphere. The adjustable parameters then become the average inner radius of 372 the capsid (R max ), the spacing between adjacent turns of DNA (ds), and the minimum radius the DNA will 373 adopt ( Figure 9 ). The maximum radius of the capsid is estimated at 12.5 to 13.2 nm. The smaller value is 374 based on the radius of the nucleic acid shell in RNA-filled capsids (3, 4) and the larger value is from 375 examination of empty capsids although they lack the last 34 residues of the core protein, 2G33 and 376 1QGT (65, 66). Values of ds range from 2.6 to 2.9 nm. The smaller value is typical for dsDNA in 377 bacteriophages (48, 50). The larger value is from a calculation of DNA packaging in HBV that took into 378 account the small diameter of the capsid (compared to most phages and relative to the 50 nm 379 persistence length of DNA) and the positive surface charge (52). In that HBV calculation, the inner 380 diameter of the DNA for a 3200 bp HBV genome was 4.05 nm, which we shall use as a soft limit in our 381 calculations for this paper. 382
The radius for a turn is a function of its distance from the equator of the capsid perpendicular to 383 the DNA spool. At the equator, the radius is R max . Distal to the equator, the radius is function of R max , the 384 number of turns (n), and the angle () described by the isosceles triangle between two adjacent turns 385 Table 1  598 shows the total number of clones sequenced, the number of mutant clones carrying C to T mutations, 599 the total number of C residues in all the sequenced clones, the number of C to T mutations in mutant 600
clones and the frequencies of mutations from genomes secreted into cell media. Mutation frequency 601 was calculated as ratio of the number of C to T mutations and total number of C residues in mutant 602
on lysates shows a similar pattern of mutation observed in viral genomes from culture supernatant. (Figure  635 3). Lysates were isolated from cells that were transfected with an empty vector. Table 3 of the plus strand is about 30% complete. We predict that newly synthesized dsDNA (red and gray) will 646 be arranged in coils that are adsorbed to the basic inner surface of the capsid. At this stage of synthesis, 647 much of the remaining minus strand is still adsorbed to the capsid inner surface. Double stranded and 648 capsid adsorbed regions of the minus strand are protected from cytidine deamination (see Figure 5) . The 649 growing dsDNA will displace a proportional amount of the minus strand. Topologically, for dsDNA 650 synthesis to continue unimpeded, the displaced ssDNA will be in the lumen of the spool, rendering it 651 sensitive to cytidine deamination. From an energetic perspective, it is likely that initial segments of 652 dsDNA are localized to the equator of the capsid to minimize bending energy (69-71). For the same 653 reason, it is likely that the dsDNA spool will remain centered in the capsid and move "down" as new 654 dsDNA is synthesized and added to the "top" of the spool. Table 4 . The number of nucleotides in the first layer of DNA bound to the inner surface of the capsid. 1 Each table shows the calculation of bound nucleotides for one hemisphere. The maximum inner radius 2 (R max from Figure 9 ) and DNA strand diameter (d s for Figure 9 ) are listed in the header for each table.  3 Turn 1 is equatorial in each case here. The value for alpha is based on radius and spacing between DNA 4 strands. The elevation of each turn is thus an integral coefficient (n) of alpha, allowing calculation of the 5 radius and circumference for that layer from which the number of base pairs in the layer are calculated. 6 7 Maximum radius = 12.5 nm DNA radius (d s ) = 2.6 nm alpha =13.3° Bp in partial capsid = 888.6 whole capsid = 1557 number of turns = 9 8 * Equatorial turn. 9
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